ECRH pre-ionisation and assisted start-up will be necessary in ITER due to the low electric field available (≤0.3 V/m). This paper reports on the results recently obtained on ECRH assisted start-up on the tokamak Tore Supra (B T = 3.85 T, R = 2.4 m, a = 0.72). The Tore supra ECRH/ECCD system is based on two 118 GHz gyrotrons (EC resonance at R~2.17 m). The power is injected into the plasma as Gaussian beams by an antenna located on the low field side which, using actively cooled mirrors inside the vacuum vessel, allows extensive control of both poloidal and toroidal injection angles. During the last experimental campaign, the ECRH system has been used for the first time to assist the plasma start-up. The usual start-up voltage on Tore Supra is 25 V (1.7 V/m) with deuterium prefill pressure around 20
Introduction
ECRH pre-ionisation and assisted start-up will be necessary in ITER due to the low electric field available (≤0.3 V/m) [1, 2] . This method has been demonstrated in a large number of tokamaks [2, 3, 4] and is extensively used in stellerators, but further experiments could give useful input and might improve confidence in start-up simulations for ITER. This paper reports on the results recently obtained on ECRH assisted start-up on Tore Supra and discusses the experiments which are planned for the forthcoming campaigns.
Experimental set-up

Tore Supra
Tore Supra is a large size superconducting tokamak with a circular cross-section (R = 2.4 m, a = 0.72 m) and a bottom toroidal pumped limiter (TPL) covered with CFC tiles, designed to run long pulse discharges [5] . The first wall is covered with a set of water cooled stainless steel panels. Six CFC poloidal inner bumpers protect the inner wall and the top of the vessel from plasma excursions while a poloidal outboard CFC limiter protects the outer part of the vessel. Additional heating is provided by RF systems (ICRH, LHCD and ECRH) and three of the six antennas are equipped with a pair of private limiter. In total, 15% of the inner vessel surface is covered with CFC. The machine has 18 toroidal field superconducting coils (NbTi), an iron core and 9 poloidal field copper coils to induce the plasma current and control plasma shape and position. The main ohmic power supply (G0) is in parallel with the central solenoid coil (A) and 8 circuits, each composed of a poloidal coil (Bh, Bb, Dh, Db, Eh, Eb, Fh and Fb) and its power supply. The available flux swing is 14 Wb with 40 kA pre-magnetisation current (IG0). The inner vessel resistance is ~1.1 mΩ. It has to be noted that the TPL constitutes a conducting passive loop close to the plasma with a ~0.9 mΩ resistance (Figure 1 ). The loop voltage is measured with a set of flux loops.
The prefill pressure is estimated using a baratron gauge and a penning gauge. The line integrated density is measured by an infrared interferometer with 5 vertical and 5 horizontal channels. Two tangential CCD cameras are used to monitor the plasma wall interaction.
ECH system
The present Tore Supra ECRH/ECCD system is based on two 118 GHz gyrotrons [6] . The power, up to 800 kW, is injected into the plasma as Gaussian beams by an antenna located on the low field side which, using actively cooled mirrors inside the Tore Supra vacuum vessel, allows extensive control of both poloidal and toroidal injection angles. The toroidal field in the centre of the vessel is normally at B T~3 .85 T which gives a fundamental electron cyclotron resonance at R~2.17, on the high field side. The polarization of the wave is controlled by a pair of actively cooled corrugated mirrors in each matching optics unit allowing pure O-mode or pure X-mode power injection for all injection angles.
Experimental results
Ohmic discharge initiation
In Tore Supra standard plasma start-up, extra loop voltage is provided by the use of fast switches and a resistor (0.1 Ω) with a conduction time of typically 80 ms. For a premagnetisation current (IG0) of 40 kA, the resulting loop voltage is around 25 V which corresponds to a toroidal electric field in the centre of the vessel of ~1.7 V.m . The deuterium prefill pressure is usually 20 mPa. The estimated poloidal 'stray' magnetic field B ⊥ (normal to the toroidal field) is shown in figure 2 (computed with PROTEUS code and measured coil currents). There are two magnetic field null regions and in most of the outer plasma region the stray field is below 5 mT. An asymmetry has been introduced in the pre-magnetisation currents of the B coils in order to compensate the poloidal field generated by the current induced in the TPL, typically 16 kA, during plasma start-up. In these conditions, robust plasma initiation is achieved. Breakdown takes place ~3-5 ms after the loop voltage application and plasma current is ramped at ~4 MA.s According to IR interferometer measurements, breakdown occurs rather in the inner part of the vessel (R~2.2, Z~0), then the plasma moves to the outer limiter while the current is ramped up. The minimum electric field for breakdown in hydrogen according to the Townsend avalanche theory is given by the following expression [1] : . If ones use the effective connection length proposed by Lloyd [2] , L eff = 0.25 a eff B T /B ⊥ , where a eff is the minor radius of the null region, the theoretical minimum required electric field is slightly higher. It has to be noted that after disruptions at plasma current larger than 0.8 MA, an electric field of 1.7 V.m is not sufficient to start-up the plasma. Indeed, a recovery discharge [7] is necessary to restore proper wall conditions and have a successful plasma initiation. After disruptions at lower current, reducing prefill (typically 10 mPa) is generally sufficient to recover satisfactory breakdown and current ramp-up. To simulate ITER start-up conditions, ohmic discharge initiations have been attempted at reduced loop voltage using only the main power supply (G0) to control the loop voltage. Premagnetisation currents have to be adjusted before the discharge to take into account the change in the rapid current variation in the central coil A and the TPL influence. As there is no feedback control in the early phase of the plasma initiation (the plasma current, position and shape control system is active when Ip > 50 kA), these tunings are time consuming. So far, it has been possible to achieve ohmic plasma initiation down to 5.85 V at 5 mPa (~0.4 V.m ). Some further experiments would be necessary to explore lower pressure. Figure 4 shows, for a given D 2 pressure, 10 mPa, the time evolution of the plasma current for three different loop voltages. The breakdown time increases from 5 ms to 40 ms while the current ramp-up rate decreases from 4 to 0.3 MA.s 
ECH-assisted discharge initiation
ECH-assisted discharge initiation has been recently attempted for the first time on Tore Supra. First, EC power from one gyrotron (350 kW) in O-mode has been used alone in the start-up magnetic field configuration but without loop voltage during 40 ms to check the ionisation of the prefill gas at 8 mPa. The toroidal and poloidal injection angles are respectively +30° and -10°, corresponding to a beam in the co-current direction which crosses the resonance in the equatorial plane. As can be seen on figure 3a , showing a frame from the tangential CCD camera, the ionisation takes place right at resonance. The plasma fills the entire resonance region as the beam experiences many reflections inside the vessel (the absorbed power on stainless steel panels is ~0.5% and ~5% on graphite). The figure 3b shows data from IR interferometer measurements. The plasma is produced at the resonance (chord 1 and 3 are close to the resonance as shown in Figure 1 ) in ~5 ms (electron density ~5 10
) then the plasma expands inside the vessel. No plasma current is driven. Then, EC power has been used in plasma start-up sequences at reduced loop voltage. The application of EC power takes place a few ms after the application of the toroidal electric field. The figure 5 compares the time evolution of the plasma current for three consecutive discharges with the same magnetic configuration, prefill (~10 mPa) and loop voltage (10 V,
) but one without ECH, one with 20 ms of ECH, and the last with 50 ms of ECH. The breakdown time is advanced with ECH, typically <1 ms after ECH application, and up to 20 kA of current is generated within ~10 ms (~2 MA.s ). Thereafter the plasma current is stationary during ~50 ms in both ECH discharges before the current is ramped up, 20 ms later than in the ohmic discharge. This is attributed to the preset equilibrium vertical field which is not optimised, the plasma being initiated at the resonance location but moving towards the outer limiter after 15 ms leaving out the EC resonance region and potential EC heating. Vertical field has been modified (modifying currents of D and F coils) in the following discharges and nearly constant current ramp up rate was obtained. ), successful plasma initiation have been obtained with 275 kW of ECH at 5 mPa as illustrated in figure 6 . In all the different attempts, the ECH produces reliable breakdowns and allows for plasma ramp-up with roughly 1 V less than in pure ohmic start-up. The optimisation of the current channel position [8] during ramp-up could allow for a further decrease of the voltage. 
Discussion
The results presented in this paper are very preliminary and further experimental time is necessary to fully map Tore Supra plasma initiation operational domain. As previously observed in other fusion devices, the use of ECH at fundamental resonance during the plasma start-up is very efficient for producing plasma located at the resonance which rapidly expands inside the vessel. On the other hand, the location of the region of formation of the current channel seems more sensitive to the 'stray' poloidal magnetic field rather than the EC resonance location. Thus, to survive the burn-through phase at low toroidal electric field, the current channel location has to be controlled to contain the EC resonance in order to allow for substantial EC plasma heating when ohmic heating turns out to be not sufficient.
